The effect of eight branched-chain amino acid metabolites, four metabolites from the /?-oxidation, and the unphysiologic acid 4-pentenoic acid on the oxygen consumption rate of liver mitochondria oxidizing pyruvate, 2-0x0-glutarate, and L-palmitoylcarnitine has been investigated. The 12 metabolites are: propionic, isobutyric, 2-Me-butyric, isovaleric, acrylic, Me-acrylic, tiglic, Me-crotonic, butyric, hexanoic, crotonic, and 2-hexenoic acids. The oxidation rate of pyruvate was strongly inhibited by propionic, 4-pentenoic, and isovaleric acids a t 0.1, 0.1, and 1.0 mM, respectively. With 2-0x0-glutarate as substrate, the oxygen consumption rate was strongly inhibited at 0.1 mM of propionic, 4-pentenoic, and isovaleric acids. The L-palmitoyl-carnitine oxidation rate was very strongly inhibited by 0.1 mM 4pentenoic acid, whereas butyric and hexanoic acids exerted a moderate inhibition at 0.1 mM. Propionic acid inhibited L-palmitoylcarnitine oxidation slightly at 1.0 mM. It is argued that propionyl-CoA and isovalerylCoA inhibit pyruvate and 2-0x0-glutarate dehydrogenases directly, and the significance of the results for ketotic episodes in organic acidurias is discussed.
Summary
The effect of eight branched-chain amino acid metabolites, four metabolites from the /?-oxidation, and the unphysiologic acid 4-pentenoic acid on the oxygen consumption rate of liver mitochondria oxidizing pyruvate, 2-0x0-glutarate, and L-palmitoylcarnitine has been investigated. The 12 metabolites are: propionic, isobutyric, 2-Me-butyric, isovaleric, acrylic, Me-acrylic, tiglic, Me-crotonic, butyric, hexanoic, crotonic, and 2-hexenoic acids. The oxidation rate of pyruvate was strongly inhibited by propionic, 4-pentenoic, and isovaleric acids a t 0.1, 0.1, and 1.0 mM, respectively. With 2-0x0-glutarate as substrate, the oxygen consumption rate was strongly inhibited at 0.1 mM of propionic, 4-pentenoic, and isovaleric acids. The L-palmitoyl-carnitine oxidation rate was very strongly inhibited by 0.1 mM 4pentenoic acid, whereas butyric and hexanoic acids exerted a moderate inhibition at 0.1 mM. Propionic acid inhibited L-palmitoylcarnitine oxidation slightly at 1.0 mM. It is argued that propionyl-CoA and isovalerylCoA inhibit pyruvate and 2-0x0-glutarate dehydrogenases directly, and the significance of the results for ketotic episodes in organic acidurias is discussed.
Speculation
The significant inhibition of energy metabolism by propionic and isovaleric acids compared to the other monocarboxylic acids suggests a direct inhibition of pyruvate and 2-0x0-glutarate dehydrogenases in mitochondria incubated with propionic or isovaleric acids. It may be speculated that the inhibition of the pyruvate metabolism in the intact cell, may cause an accumulation of pyruvate and lactate, and that the inhibition of the 2-0x0-glutarate oxidation may be ketogenetic by lowering the cellular oxaloacetate concentration. The excessive excretion and accumulation of propionic and/or isovaleric acid in acute episodes and the terminal phases of some organic acidurias is consistent with the hypothesis that these acids contribute to the pathophysiology of the acute disease states.
In children with inherited and acquired metabolic disturbances, short-chain monocarboxylic acids have been found in the blood and urine, especially in connection with acute crises. Large amounts of propionic acid are accumulated in patients with propionic acidemia and methylmalonic acidemia. and isovaleric acid is accumulated in patients with isovaleric acidemia (13, 18, 24) . Substantial amounts of propionic, isobutyric, 2-Me-butyric, isovaleric, butyric, and hexanoic acids have been detected in urine from a neonate with glutaric aciduria type I1 (19) , and small amounts of the same acids, with the exception of butyric and hexanoic acids, were excreted (predominantly as conjugates (9)) during ketotic episodes in a patient with glutaryl-CoA dehydrogenase deficiency (glutaric aciduria). Elevated serum concentrations of propionic, isobutyric, isovaleric, butyric, and valeric acids have been found in patients suffering from Reye's syndrome (27, 28) .
The acute crises and terminal phases of the mentioned disorders are often associated with coma. The ability of the straight shortchain monocarboxylic acids and of isovaleric acid to produce coma in experimental animals has been shown (2 1,26), and it has been suggested that the coma seen in isovaleric acidemia and Rey's syndrome may be ascribed to these monocarboxylic acids (26, 28) . Other features of the acute crises of the organic acidurias are lactic acidosis and, in most cases, ketosis (9, 13, 18, 19, 24) . These biochemical disturbances may be caused by disturbances of the energy metabolism associated with the citric acid cycle. As an approach to the question about the role of the monocarboxylic acids in these disturbances in patients with organic acidurias, the present study was undertaken. The effects of 13 metabolically interesting monocarboxylic acids on the oxidation rate of pyruvate, 2-0x0-glutarate, and L-palmitoylcarnitine of isolated rat liver mitochondria are reported.
MATERIALS AND METHODS
Mitochondria were obtained from Wistar rats weighing 1 5 C 200 g. The rats were killed by a blow on the head followed by spinal dislocation. Within a min, the liver was removed, cut into small pieces, and chilled to 0-4°C in cold medium containing 300 mM sucrose, 5 mM Hepes (30) , and 1 mM EDTA (31). The 1:5 liver/medium suspension was homogenized by means of a glass Potter Elverhjelm homogenizer with a loose piston (2 strokes). Centrifugation of the homogenate was performed at 4OC and 400 g for 10 min, the supernatant then being centrifuged at 8000 g for 10 min. The mitochondrial pellet was washed 3 times before it was resuspended in medium to a concentration of 2 4 mg protein/ 100 pl. Protein was measured by the method of Lowry et al. (16) . Rate of oxygen consumption was measured polarographically by means of a Clark-type electrode (6) in a basic medium consisting of (final concentrations):lO mM sucrose, 100 mM KCI, 20 mM Hepes, 5 mM KH2P04, 10 mM MgC12, 1% defatted serum albumin (9, and 2-3 mg mitochondria in 3.3 ml deionized and glass distilled water at pH = 7.4. Concentrations of substrates, monocarboxylic acids, malate, and ADP are given in the legends to the tables and figures. The designations state 3, for ADP-stimulated respiration, and state 4, for ADP-limited respiration, are those used by Chance and Williams (3). Respiration control ratio (RCR), ADP/O*-ratio (P/O), and oxygen consumption rate were measured according to Estabrook (6) .
RESULTS
mediates of the branched-chain amino acid metabolism. Pro~ionic
The mitochondria used were always tightly coupled (RCR > 5), and the measurements were performed within 3 hr after the isolation. All experiments were performed with added albumin at a concentration of 1% (10) . The inclusion of albumin caused the oxidation rate in state 3 to remain constant during the experiment, whereas the oxidation rate in this state diminished a little in the assays without albumin. This is probably due to a binding of the acids to the albumin. thus meventing a slight disru~tion of the mitochondria. A linear relahonship ietwe& the staie 3 oxygen consumption and the amounts of ADP added was found in the range 0.4-2.0 pmole. The linear relationship between oxygen consumption rate and amounts of mitochondria1 protein was tested in all mitochondrial preparations.
Control assays, i.e., assays in which no short-chain monocarboxylic acid were added, were analyzed as every 4th in the series. The mean of the oxygen consumption rate in the control assays (5-8) from each series was normalized to 100%. The SEM for the substrates pyruvate, 2-0x0-glutarate, and L-palmitoylcarnitine was 2-3% in these control assays. The effect of each short-chain monocarboxylic acid was measured in at least two assays from different mitochondria preparations. Tables 1 and 2 show the results from the double determinations that were used in the calculation of the significant I i m i t~F r o m a precision of 11, 11, and 1070, calculated from s = \i&, the 99% significant limits can be calculated to be 80-1 2 0 , 8 i 120, and 82-1 18% for pyruvate, 2-0x0-glutarate, and L-palmitoylcarnitine, respectively. and isovaleric acids are clearly inhibitory; propionic acid at all three concentrations tested, and isovaleric acid at 1.0 and 10 mM. The trend in the oxidation rate with added isobutyric, 2-Mebutyric, Me-acrylic, tiglic, and Me-crotonic is noteworthy. The inhibitory tendency at the lower concentrations seems to be counteracted by an induction of the oxidation rate at higher concentrations. 4-pentenoic acid is clearly inhibitory at all three concentration levels. One series of measurements, showing the effect of isovaleric acid on the oxidation of pyruvate, is shown in Figure 1 . States 3 and 4 oxidation rates were measured as the slopes of the curves. Calibration was performed with the basic medium saturated with air. The results in Table 1 show that the intermediates of fatty acid oxidation, hexanoic, and 2-hexenoic acids are stimulatory at the lower concentrations and inhibitory at the higher ones. The trend for butyric and crotonic acids is the same.
This picture is in contrast to the effects exerted by the interMitochondria (2-3 mg of protein) were preincubated at 30°C for 8 min in the basic medium (see Methods) containing malate (2.5 mM) and acid (0-10 mM). ADP (2.0 pmole) was then added and after 2 min, the recording of state 3 for L-palmitoylcarnitine oxidation was started by the addition of L-palmitoylcarnitine (0.03 mM). The figures in the Table represent the mean of two determinations, the results of which are shown in the brackets.
' The control value was defined as the mean of the 5-7 control assays conducted during each series (see Results).
" Mean values below the significant limit (see Results). The control rate of I.-palmitoylcarnitine oxidation was 85-125 patom/min/mg protein. I M~tochondria (2-3 mg of protein) were preincubated at 30°C for 10 min in the basic medium (see Methods) containing substrate, i.e., pyruvate (10 mM)/malate (2.5 mM) or 2-0x0-glutarate (10 mM), and acid (0-10 mM). ADP (1.6 pmole) was then added, and the oxygen consumption rate in states 3 and 4 recorded and expressed as the percent of those in the absence of added acid. The values for the two determinations on different mitochondria perparations are shown in brackets.
' The control value was defined as the mean of the 5-8 control assays conducted during each series (see Results) ' I Mean values below the significant limit (see Results). The control rate of pyruvate and 2-0x0-glutarate oxidation was 67-100 and 101-152 p t o m / min/mg protein, respectively. Inhibition by isovaleric acid of the state 3 rate of oxidation of pyruvate in rat liver mitochondria. Mitochondria (3.3 mg of protein) were preincubated in basic medium containing pyruvate ( I 0 mM), malate (2.5 mM), and isovaleric acid ( A : 0 mM, B: 0.1 mM, and C: 1.0 mM). After 10 min at 30°C ADP (1.6 pmole) was added (indicated by an arrow) and the amounts of oxygen consumed in state 3 determined (ngatom/mg protein; indicated between vertical arrows). The oxygen consumption rates in states 3 and 4 (ngatorn O/rnin/mg protein) are shown on the traces.
EFFECT ON 2-0x0-GLUTARATE OXIDATION
The results of the experiments in which the acid metalites were added to the assay systems oxidizing 2-0x0-glutarate are shown in Table 1 . The only statistically significant effects, with the exception of that of acrylic acid at 10 mM, are those exerted by propionic, isovaleric, and 4-pentenoic acids. They inhibit the oxygen consumption rate at all concentrations. The trend in the effects of the P-oxidation metabolites, hexanoic, and 2-hexenoic acids is the same as that seen when pyruvate is used as substrate. There is no obvious trend in the effects of the five other branched-chain amino acid metabolites-isobutyric, 2-Me-butyric, Me-acrylic, tiglic, and Me-crotonic acids.
EFFECT ON L-(-)-PALMITOYLCARNITINE OXIDATION
The results of the experiments using L-palmitoylcarnitine as substrate are shown in Table 2 . The effects of the saturated fatty acid metabolites, butyric, and hexanoic acids, are significant at all three concentrations, whereas those of the unsaturated acids, crotonic, and 2-hexenoic acids, are only statistically significant at 10 mM. 4-pentenoic acid is very inhibitory at all concentrations, whereas the branched-chain amino acid metabolites exert effects that are either small or only seen at the highest concentration. However, the trend in the effect of propionic acid is very similar to that of the other straight-chain saturated acids, butyric, and hexanoic acids.
In the determination shown in Table 2 , the oxygen consumption may not originate exclusively from the P-oxidation, because the citric acid cycle was not blocked in these experiments. The slight but significant inhibition of propionic acid may, therefore, be explained by the inhibition of the 2-0x0-glutarate oxidation. However, blockage of succinate dehydrogenase with 20 mM malonate did not eliminate the inhibition (results not shown).
DISCUSSION
The present investigation shows that propionic, isovaleric, and 4-pentenoic acids inhibit the oxidation rate of pyruvate and 2-0x0-glutarate in rat liver mitochondria at concentrations 5 1 mM.
The inhibitory effect of 4-pentenoic acid is known (22) , but the mechanism has never been elucidated. Several mechanisms of inhibition by the acids are possible: 1) the acids may disrupt the mitochondrial membranes and thereby inhibit the oxidation process as has been proposed for the medium-chain monocarboxylic acids (22) . This is unlikely, not only because the short-chain monocarboxylic acids are bad detergents, but also because the three inhibitory acids have physicochemical properties similar to those of the other noninhibitory acids tested. 2) The inhibition may be caused by a sequestration of free coenzyme-A in the mitochondria. Propionyl-CoA is accumulated rapidly in rat liver perfused with propionic acid (23) , and a variety of short-chain monocarboxylic acids, among others, 2-Me-butyric acid, have been shown to form CoA derivatives in cell-free preparations of beef liver, at a rate similar to that of butyric acid (17) . Butyric acid forms CoA derivatives rapid in liver preparation (29) . As the pyruvate and 2-0x0-glutarate oxidation is CoA-dependant, the sequestration of CoA may contribute to the inhibition of the oxidation rate. This might be the explanation for the slight drop in the oxidation rates observed with nearly all the branched-chain acids, but it is improbable that the considerable inhibition exerted by propionic, isovaleric, and 4-pentenoic acids can be explained by this mechanism. 3) The acids or their CoA-derivatives may inhibit the pyruvate and 2-0x0-glutarate dehydrogenases directly. Bremer (2) has shown that propionyl-CoA inhibits purified pyruvate dehydrogenase competitively with respect to CoA. Therefore, it may be possible that isovaleryl-CoA and 4-pentenoyl-CoA also inhibit pyruvate dehydrogenase directly. This hypothesis is, at present, under investigation. As the 2-0x0-glutarate dehydrogenase complex resembles the pyruvate dehydrogenase complex (20) , it is probable that the mechanism of inhibition of the two complexes by the acids are similar.
The very strong inhibition of L-palmitoylcarnitine oxidation by 4-pentenoic acid is in accordance with reports from other researchers (7, 12) . Sequestration of free CoA probably contribute to this inhibition (7), but it has been shown that a metabolite of 4-pentenoic acid, 2,4-penta-dienoyl-CoA, inhibits the 3-0x0-acylCoA thiolase directly (1 1, 12) . None of the other acids investigated in the present work inhibited the oxidation rate of L-palmitoylcarnitine as much as 4-pentenoic acid did, and it is, therefore, improbable that any of these acids exert an effect by the same mechanism as that of 4-pentenoic acid. However, propionic, butyric, and hexanoic acids are clearly inhibitory. The results with butyric and hexanoic acids are in agreement with earlier reported data (10) . Because of the rapid mitochondrial activation of these acids to their CoA-derivatives (29) , sequestration of CoA is likely to be the inhibitory mechanism. As propionyl-CoA is also accumulated in rat liver perfused with propionic acid (23) , the same mechanism is likely to work in the assays with propionic acids. This slight inhibition of the P-oxidation by propionic acid is in contrast to the very strong inhibition found by Glasgow and Chase (8) . However, the assay used by Glasgow and Chase produces I4CO2 through the citric acid cycle from I-"C-palmitic acid. A decrease in 14C02 production by adding propionic acid may, therefore, also be caused by an inhibition of the citric acid cycle. It has been shown that propionate inhibits the oxidation of 2-0x0-glutarate strongly. The same criticism may, therefore, be used against the experiments in Table 2 . However, in a supplementary assay, in which malonate was added to block the citric acid cycle, the slight inhibition of the P-oxidation by propionic acid was reproduced. The "4-pentenoic acid effect" of propionic acid observed by Glasgow and Chase (8) is, therefore, most likely to be an inhibition of the citric acid cycle.
In biologic systems in which propionic and/or isovaleric acids and their CoA-derivatives are accumulated due to an enzyme deficiency or an inhibition of either propionyl-CoA carboxylase, or isovaleryl-CoA dehydrogenase, the inhibition of pyruvate dehydrogenase may cause an accumulation of pyruvate and, therefore, of lactate. The inhibition of 2-0x0-glutarate dehydrogenase, which is a citric acid cycle enzyme, must result in reduced citric acid cycle activity. The energy production may thus be reduced and the concentration of oxaloacetate, necessary for citrate formation, may be lowered. If fatty acids are metabolized, this low oxaloacetate concentration may promote ketone body formation (14, 15) .
The inhibition of the energy production through the citric acid cycle by isovaleric acid and not by tiglic and 3-Me-crotonic acid parallels the results of Teychenne el al. (26) , who found that isovaleric acid increased the slow-wave electrical activity in rabbit brain, whereas tiglic and 3-Me-crotonic acids showed much less activity. The accumulated isovaleric acid or more probably isovalerylCoA may thus, besides explaining the coma (26) , also contribute to the lactic acidosis and ketosis of isovaleric acidemia and glutaric aciduria type 11, the latter of which is also characterized by a large excretion of isovaleric acid (19) . The ketosis in glutaric aciduria type I1 was not very pronounced, but other urinary constituents, i.e., ethylmalonic acid and Cs-Clo-dicarboxylic acids (19) , indicate an inhibited /?-oxidation, which may prevent the ketogenesis. In patients with propionic acidemia, substantial amounts of methylcitric acid have been found in the urine (1). This compound has been shown to inhibit several enzymes of the citric acid cycle (4), and may therefore, together with the propionic acid (propionylCoA), contribute to the ketogenesis by lowering the oxaloacetate concentration.
In the other conditions, ie., glutaryl-CoA dehydrogenase deficiency (9) and Reye's syndrome (27, 28) , in which short-chain monocarboxylic acids have been detected in blood or urine, the accumulation of the CoA-derivative of the toxic acids seems to be much lower than in propionic, isovaleric, and methylmalonic acidemias and in glutaric aciduria type 11. This could mean that the contribution to the biochemical and clinical features of the accumulated acyl-CoA are less than in the aciduriademias just mentioned. The argument has been put forward (25) , that the serum concentrations of monocarboxylic acids in Reye's syndrome are far too low to exert any toxic effects. However, if the accumulated acids are produced inside the mitochondrion, in which they exert the effects, knowledge about the serum concentration is of very little value in predicting the concentration of the acids at their sites of action.
